A quantum computer can solve hard problems, such as prime factoring 1, 2 , database searching 3,4 and quantum simulation 5 , at the cost of needing to protect fragile quantum states from error. Quantum error correction 6 provides this protection by distributing a logical state among many physical quantum bits (qubits) by means of quantum entanglement. Superconductivity is a useful phenomenon in this regard, because it allows the construction of large quantum circuits and is compatible with microfabrication. For superconducting qubits, the surface code approach to quantum computing 7 is a natural choice for error correction, because it uses only nearest-neighbour coupling and rapidly cycled entangling gates. The gate fidelity requirements are modest: the per-step fidelity threshold is only about 99 per cent. Here we demonstrate a universal set of logic gates in a superconducting multi-qubit processor, achieving an average single-qubit gate fidelity of 99.92 per cent and a two-qubit gate fidelity of up to 99.4 per cent. This places Josephson quantum computing at the faulttolerance threshold for surface code error correction. Our quantum processor is a first step towards the surface code, using five qubits arranged in a linear array with nearest-neighbour coupling. As a further demonstration, we construct a five-qubit Greenberger-HorneZeilinger state 8,9 using the complete circuit and full set of gates. The results demonstrate that Josephson quantum computing is a highfidelity technology, with a clear path to scaling up to large-scale, faulttolerant quantum circuits.
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Fault tolerance in the surface code is achieved by placing physical qubits in a chequerboard pattern, with white squares representing data and black squares representing measurement qubits that detect errors. To perform this detection, each measurement qubit needs to interact with its four neighbouring data qubits. All that is needed for these interactions are single-and two-qubit gates with sufficiently high fidelity. The high fidelity demonstrated here is achieved through a combination of coherent qubits, a straightforward interconnection architecture and a novel implementation of the two-qubit controlled-phase entangling gate. The controlled-phase gate uses a fast but adiabatic qubit frequency tuning that minimizes error 10 .
Here the tuneable nature of the qubits and their entangling gates provides both high fidelity and fast control. Previous demonstrations of two-qubit gates achieving .99% fidelity used fixed-frequency qubits: systems based on nuclear magnetic resonance and ion traps have shown two-qubit gates with fidelities of 99.5% (ref. 11) and 99.3% (ref. 12) . Recently, for a five-qubit ion trap 13 and a three-qubit superconducting system 14 , two-qubit entangling gate fidelities of 95% and 96% were reported. Superconductivity allows for the construction of large quantum integrated circuits as the electrons are condensed into a single macroscopic quantum state. We have designed a processor to test our ability to implement the surface code; it consists of five cross-shaped transmon qubits (Xmons) with nearest-neighbour coupling, arranged in a linear array (Fig. 1) . The Xmon qubit 15 offers a nodal approach to connectivity while maintaining a high level of coherence (see Supplementary Information for decoherence times). Here the four legs of the cross allow for a natural segmentation of the design into coupling, control and readout. We choose a modest inter-qubit capacitive coupling strength of g/2p 5 30 MHz and use alternating qubit idle frequencies of 5.5 and 4.7 GHz, enabling a controlled-phase gate in 40 ns when two qubits are brought near resonance, while minimizing the effective coupling to 0.3 MHz when the qubits are at their idle points. Rotations around the X and Y axes in the Bloch sphere representation are performed using pulses on the microwave (XY) line, whereas Z-axis rotations, which control the phase of the quantum state, are achieved by a flux-bias current on the frequencycontrol (Z) line. We use a dispersive measurement method 16 whereby each qubit is coupled to a readout resonator with a distinct resonance frequency, enabling simultaneous readout using frequency-domain multiplexing through a single coplanar waveguide 17 . The modularity of this architecture makes it straightforward to integrate more qubits in the circuit.
We characterize our gate fidelities using Clifford-based randomized benchmarking 11, 18, 19 . The Clifford group is a set of rotations that evenly samples the Hilbert space, and the benchmarking thus averages across errors. For the single-qubit case, the Clifford gates (which we henceforth refer to simply as Cliffords) comprise p, p/2 and 2p/3 rotations (Supplementary Information). In randomized benchmarking, a logic gate is characterized by measuring its performance when it is interleaved with many random sequences of gates, making the measured fidelity resilient to state preparation and measurement errors. We first perform a control experiment on a ground-state qubit by generating a random sequence of m Cliffords; appending the unique recovery Clifford (C r ) that inverts the sequence; and averaging the experimental sequence fidelity, the final ground-state population, over k different sequences 19, 20 . The resulting reference sequence fidelity, N qubits . We then measure the fidelity of a specific gate by interleaving it with m random Cliffords. The sequence decay, p gate , gives the gate error, r gate 5
The benchmarking results for the single-qubit gates are shown in Fig. 2 . We generate the Cliffords using microwave pulses, from a basis set of p and p/2 rotations around the X and Y axes (Supplementary Information). We benchmark X-and Y-axis p and p/2 rotations, the Hadamard gate (implemented with a p/2 Y rotation (Y/2) followed by a p X rotation (X)) and Z-axis rotations. From the data in Fig. 2 , we extract the individual gate fidelities listed in the key. We find an average fidelity of 99.92% over all gates and qubits (Supplementary Information). The highest fidelities are achieved by optimizing the pulse amplitude and frequency, and minimizing two-state leakage 21 . We have also measured the performance when simultaneously operating nearest-neighbour or next-nearest-neighbour qubits 22 , with the *These authors contributed equally to this work. The two-qubit controlled-phase gate is implemented by tuning one qubit in frequency along a 'fast adiabatic' trajectory 10 that takes the twoqubit state j11ae close to the avoided level crossing with the state j02ae (ref. 23) , yielding a state-dependent relative phase shift (Fig. 3a) . This implementation is the natural choice for weakly anharmonic, frequency-tunable qubits, because the other computational states are left unchanged [23] [24] [25] . It is advantageous that the controlled-phase gate is adiabatic as well as fast. An adiabatic trajectory is easily optimized and allows for leakage into the non-computational state j02ae to be exponentially suppressed with gate duration, because slower gates are less likely to lead to undesired transitions 10 . Having a fast controlled-phase gate minimizes the accumulation of errors from decoherence and unwanted entanglement with other circuit elements, which is favourable for fault tolerance.
The benchmarking results of the controlled-phase gate are shown in Fig. 3b . Similar to the single-qubit case, we generate sequences of twoqubit Cliffords to produce a reference curve, and then interleave the controlled-phase gate to extract the fidelity. An example pulse sequence for an m 5 55 Clifford sequence is shown in Fig. 3c . We find a controlledphase gate fidelity of up to 99.44 6 0.05%, consistent with the average error per Clifford (Supplementary Information). We find fidelities of between 99.0% and 99.44% for all four pairs of nearest-neighbour qubits (Supplementary Information). This is a clear demonstration of highfidelity single-and two-qubit gates in a multi-qubit Josephson quantum processor. The two-qubit gate fidelity compares well with the highest values reported for other mature quantum systems: for nuclear magnetic resonance and ion traps, entangling gate fidelities are as high as 99.5% (ref. 11) and 99.3% (ref. 12). Importantly, we have verified by simulation that the experimentally obtained gate fidelities are at the threshold for surface code quantum error correction (Supplementary Information).
We are optimistic that we can improve on these gate fidelities with modest effort. The controlled-phase gate fidelity is limited by three error mechanisms: decoherence (55% of the total error), control error (24%) and state leakage (21%) (Supplementary Information). Decoherence can be suppressed with enhanced materials and optimized fabrication 26, 27 . Imperfections in control arise primarily from reflections and stray inductances in wiring, and can be improved using conventional microwave techniques. Given the adiabatic nature of the controlled-phase gate, two-state leakage can be suppressed by slightly increasing the gate time 10 .
We showcase the modularity of this set of quantum logic gates by constructing a maximally entangled Greenberger-Horne-Zeilinger (GHZ) , placed in a linear array. To the left of the qubits are five meandering coplanar waveguide resonators used for individual state readout. Control wiring is brought in from the contact pads at the edge of the chip, ending at the right of the qubits. b, Circuit diagram. Our architecture uses direct, nearest-neighbour coupling of the qubits (red/orange), made possible by the nodal connectivity of the Xmon qubit. Using a single readout line, each qubit can be measured using frequency-domain multiplexing (blue). Individual qubits are driven through capacitively coupled microwave control lines (XY), and frequency control is achieved through inductively coupled d.c. lines (Z) (violet). c, Schematic representation of an entangling operation using a controlled-phase gate with unitary representation U CZ ; (I) qubits at rest, at distinct frequencies with minimal interaction; (II) when brought near resonance, the state-dependent frequency shift brings about a rotation conditional on the qubit states; (III) qubits are returned to their rest frequency.
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state across all five qubits in our processor (Fig. 4, top) . The N-qubit
is constructed with singleand two-qubit gates, using simultaneous control and readout of all qubits. This algorithm is shown in Fig. 4 (bottom) , the state is assembled by entangling one additional qubit at a time. The algorithm is highly sensitive to control error and decoherence on any computational element. We fully characterize the Bell and GHZ states by using quantum state tomography 9 , where quadratic maximum-likelihood estimation is used to extract each density matrix, r, from the measurement data, while satisfying the physical constraints that r be Hermitian, have unit trace and be positive semi-definite (Supplementary Information). The density matrices are plotted in the traditional cityscape style, and show significant elements only at the ideal locations. We find respective state fidelities of Tr(r ideal r) 5 99.5% 6 0.4%, 96.0% 6 0.5%, 86.3% 6 0.5% and 81.7% 6 0.5% for the N 5 2 Bell state and the N 5 3, 4 and 5 GHZ states. A GHZ state fidelity of more than 50% satisfies the criterion for genuine entanglement 28 . It is interesting to note that the ratios of offdiagonal to diagonal amplitudes jr j0i
have the values 0.99, 0.98, 0.99 and 0.99, suggesting that dephasing is small, uncorrelated or both. The five-qubit GHZ state is the largest tomographic measurement of multi-qubit entanglement demonstrated so far in the solid state 8, 9 , and has a state fidelity similar to results obtained in ion traps 29 . This demonstrates that complex quantum states can be constructed with high fidelity in a modular fashion, highlighting the potential for more intricate algorithms on this multipurpose quantum processor. 
RESEARCH LETTER
We have shown single-and two-qubit gates with fidelities at the faulttolerant threshold for the surface code in an integrated circuit quantum processor. With this demonstration, Josephson quantum devices are now ready to explore fault-tolerant, multi-qubit computing. Extending the linear array of qubits to larger numbers of qubits is straightforward, and generating a two-dimensional grid of qubits seems to be reduced to the engineering challenge, albeit considerable, of adding more qubits, wiring and readout while maintaining coherence and gate fidelity (Supplementary Information). In a separate experiment, we have demonstrated qubit state measurement with 99% fidelity in 140 ns (ref. 17) , with a design that can be seamlessly integrated with this architecture. The combination of high-fidelity logic, a multi-qubit architecture, and fast and accurate qubit readout provides the essential ingredients for a Josephson surface code quantum computer.
METHODS SUMMARY
We have achieved high-fidelity single-qubit gates with a series of automated experiments that minimize the error in frequency, amplitude and two-state leakage. The qubit frequency is measured by performing a Ramsey experiment. The amplitudes for p and p/2 rotations are optimized by concatenating many gates to amplify small rotation errors. The two-state leakage is optimized by minimizing phase error accumulated through repeated X/2 and 2X/2 gates; see ref. 21 for details.
The controlled-phase waveform was optimized for phase shift and adiabaticity. We determine the conditional phase through a Ramsey experiment as in Fig. 1c . The qubit trajectory is optimized for adiabaticity when leakage from j1 B 1 A ae to j0 B 2 A ae is minimized. We quantify leakage by initializing the qubits to j1 B 1 A ae, performing a controlled-phase gate and measuring leakage into j0 B 2 A ae.
Parameters for single-and two-qubit gates were fine-tuned or confirmed to be optimal by using Clifford-based randomized benchmarking.
For randomized benchmarking, we generate k random sequences of Cliffords for each sequence length m.
